Abstract-Wireless energy harvesting (WEH) has been recognized as a promising technique to prolong the lifetime of energy constrained relay nodes in wireless sensor networks. Its application and related performance study in three-step two-way decodeand-forward (DF) relay networks are of high interest but still lack sufficient study. In this paper we propose a dynamic powersplitting (PS) scheme to minimize the system outage probability in a three-step two-way energy harvesting DF relay network and derive an analytical expression for the system outage probability with respect to the optimal dynamic PS ratios. In order to further improve the system outage performance, we propose an improved dynamic scheme where both the PS ratios and the power allocation ratio at the relay are dynamically adjusted according to instantaneous channel gains. The corresponding system performance with the improved dynamic scheme is also investigated. Simulation results show that our proposed schemes outperform the existing scheme in terms of the system outage performance and the improved dynamic scheme is superior to the dynamic PS scheme.
I. INTRODUCTION
A S the era of Internet of Things (IoT) approaches, an explosive growth of IoT devices, such as low-power wireless devices in wireless sensor networks, will be connected into the network to share and forward information, bringing intelligence and convenience to our life [1] . One of the key challenges to realize IoT is how to power up the massive number of devices while maintaining the required quality of service [2] , [3] . Radio frequency (RF) based wireless energy harvesting (WEH) has been recognized as an effective solution to address this challenge. By exploiting the dual use of RF signals, WEH could be integrated with wireless communications to yield a new technology, namely simultaneous wireless information and power transfer (SWIPT), where RF signals are Copyright (c) 2015 IEEE. Personal use of this material is permitted. However, permission to use this material for any other purposes must be obtained from the IEEE by sending a request to pubs-permissions@ieee.org.
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either switched in the time domain or split in the power domain to facilitate energy harvesting and information transmission through a time-switching (TS) scheme or power-splitting (PS) scheme [4] .
On the other hand, wireless relaying has been widely employed in current and emerging wireless systems for efficient information transmission by cutting down multipath fading and shadowing and increasing the diversity order [5] . For example, wireless relaying can be utilized extensively in machine-tomachine networks, where low power IoT devices exchange their data through an immediate relay [6] . In conventional relay networks, a relay provides free services and costs its extra energy, which may prevent energy-constrained nodes from engaging. Thus, the aforementioned two communication concepts, SWIPT and wireless relaying, can be combined to motivate relays to assist data exchange [7] - [9] . In particular, SWIPT can be built upon basic one-way relaying [9] - [12] or two-way relaying [13] - [25] . Two-way relaying can be performed in two steps or three steps compared with four steps as required in one-way relaying. Thus, SWIPT enabled two-way relaying can be more spectrally efficient than SWIPT enabled one-way relaying. In this regard, SWIPT enabled twoway relaying has received increasing attention and has been investigated extensively [13] - [25] .
In [13] , the authors studied the outage probability for three wireless power transfer schemes in TS based two-step amplify-and-forward (AF) two-way relay networks (TWRNs). In another study [14] , [15] the outage behavior and finite signal-to-noise ratio (SNR) diversity multiplexing trade-off were analyzed. In contrast, by considering a decode-andforward (DF) protocol in SWIPT enabled two-step TWRNs, the authors of [16] proposed a resource allocation scheme to minimize the system outage probability by jointly optimizing the time allocation ratio and the PS/TS ratio. A comprehensive comparison between SWIPT enabled two-step DF TWRNs and SWIPT enabled two-step AF TWRNs was presented in [18] , [19] .
Recall that the low hardware complexity is very critical to energy-constrained relay networks and the circuit design of three-step two-way relaying is simpler than that of two-step two-way relaying. Several studies [21] - [26] on the SWIPT enabled three-step two-way relaying have been hitherto reported. The authors in [21] investigated a static equal PS scheme to maximize the system outage capacity for AF based three-step TWRNs, where the PS ratio is determined by the statistical channel state information (CSI). Since the outage capacity can be improved by adopting a dynamic PS scheme where the PS ratio can be adaptive to the instantaneous CSI instead
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of the statistical CSI, the dynamic equal PS scheme was further developed [22] . Considering asymmetric instantaneous channel gains between relay and two terminals, the authors in [23] proposed a novel dynamic asymmetric PS scheme to minimize the system outage probability for the three-step AF TWRNs, where the PS ratio for each link is designed based on its instantaneous CSI. Due to the fact that the DF relay is found to be of more practical interest, the authors in [24] , [26] introduced the DF protocol instead of AF protocol into SWIPT enabled three-step TWRNs and studied the end-to-end (E2E) outage performance for SWIPT enabled three-step DF TWRNs under the guidance of the static equal and dynamic PS schemes, where the linear and non-linear EH models are considered, respectively. The outage events at different terminals were considered independently. However, to the best of our knowledge, there is no open work to investigate system outage performance for SWIPT enabled three-step DF TWRNs. It is worth emphasizing that the system outage performance is an important metric that jointly considers the outage events of both E2E links and evaluates the transmission performance of the two E2E links as a whole [14] , [27] - [29] .
In this paper, we consider a SWIPT enabled three-step DF TWRN in which both the PS scheme and the "harvest-thenforward" strategy are employed. Please note that, unlike the SWIPT enabled three-step two-way relaying in [21] - [26] , our considered network can allocate time resources to relay and terminals in unequal portions for better delivery of information. Then we investigate the system outage performance for the considered network. Compared with the study of E2E outage performance in [24] , [26] , the analysis on system outage performance is much more challenging due to the fact that two E2E links are highly correlated. 1 The major contributions of this paper are summarized as follows.
• By exploiting the asymmetric instantaneous channel gains between relay and two terminals, we propose a dynamic PS scheme to minimize the overall system outage probability, where the PS ratio for each link can be adapted to its instantaneous CSI. Specifically, the closedform expressions for the optimal PS ratios are derived. Compared with the static equal PS scheme in [24] , the dynamic PS scheme can provide more flexibility and utilize the instantaneous CSI more effectively.
• We consider the combining strategy for combining the decoded signals at the relay. In particular, the combining strategy is facilitated by the value of the power allocation ratio at the relay. Integrating the combining strategy with the dynamic PS scheme, we develop an improved dynamic scheme to achieve the minimum system outage probability, and derive the optimal solutions in closed forms. 1 The main differences between our work and the existing work [13] are as follows. First, [13] considered a TS SWIPT enabled two-way AF relay network while our work focuses on the design of PS SWIPT enabled two-way DF relay networks. Second, [13] focused on the derivations of the E2E/system outage probability under three wireless power transfer schemes. In our work, we focus on the design of PS scheme and combining strategy to minimize the system outage probability. The expressions of system outage probability are derived to characterize the performance of the proposed schemes. • To characterize the performance of the proposed schemes, we derive the analytical expressions of system outage probabilities for the two proposed schemes, respectively. The expressions depict the dependence of the system outage probabilities on parameters such as the transmission power, the power allocation ratio (for the dynamic PS scheme only), the time allocation ratio, the transmission rate, etc, which provides valuable insights in selecting a proper system parameter (e.g., the time allocation ratio).
• Comparing the improved dynamic scheme, the dynamic PS scheme and the static equal PS scheme, we confirm that the improved dynamic scheme achieves the lowest outage probability and the highest outage capacity, especially for the case with a larger channel gain difference between relay and two terminals. The remainder of this paper is organized as follows. The system model is provided in Section II. In Section III, we propose a dynamic PS scheme to minimize the system outage probability of SWIPT enabled three-step DF TWRNs and derive the corresponding optimal system outage probability and capacity. In Section IV, to improve the system outage performance, we further propose an improved dynamic scheme by considering the combining strategy at the relay and the corresponding optimal system outage probability is also derived. Simulation results are provided in Section V, followed by conclusions in Section VI.
II. SYSTEM MODEL
As shown in Fig. 1 , we consider a three-terminal twoway DF relay network, where terminal A communicates with terminal B via an energy-constrained relay R. Each terminal has a single antenna and operates in the half-duplex mode. We assume that no direct link exists between A and B due to severe path loss and shadowing [21] - [24] . Channels are assumed to be reciprocal and quasi-static, and subject to path-loss Rayleigh fading. Let h A (h B ) denote the channel coefficient between A(B) and R, and d A (d B ) be the Euclidean distance between A(B) and R. According to [30] , [31] , the path loss model is given by
where G i is the antenna gain at terminal i, G R is the antenna gain at the relay, λ is the carrier wavelength, d 0 is the closein reference distance given from a measurement close to the transmitter and α is the path loss exponent. Further, the path loss model can be rewritten as
is a fixed constant for a given scenario.
Here, we assume that the instantaneous channel coefficients between the two source terminals and the relay are available. Specifically, each source terminal needs to know the instantaneous channel coefficient between the source and the relay. The instantaneous channel coefficient is used to perform successive interference cancellation (SIC) at the source terminal. The relay needs to know the instantaneous channel coefficients between the two source terminals and the relay since the PS ratio for each link is determined by its instantaneous channel coefficient. Note that these instantaneous channel coefficients can be obtained before data transmission in each transmission block. Inspired by [32] , we clarify how to obtain these instantaneous channel coefficients as follows. In the investigated system, terminal A broadcasts a ready-tosend (RTS) message before information transmission. After receiving the RTS message, terminal B replies with a clearto-send (CTS) message. By overhearing the RTS and CTS messages, relay R can estimate the channel coefficients of both A-R and B-R channels. Since all the channels are assumed to be reciprocal, the channel coefficients of both R-A and R-B channels can be obtained. Terminals A and B are informed of the corresponding channel coefficients through the feedbacks from the relay.
Let T denote the total transmission block, which is subdivided into three time slots. During the first and second time slots with βT and β ∈ (0, 0.5), A and B transmit their normalized signal s A and s B to R using equal power 2 P , respectively. The received signal from i (i = A or B) at R is given by
where E |s i | 2 = 1 and n iR ∼ CN 0, σ 2 iR is the additive white Gaussian noise (AWGN).
After receiving signal from i (i = A or B), R splits it into two parts:
√ ρ i y iR used for energy harvesting (EH) and √ 1 − ρ i y iR used for information processing. For the energy harvesting, the total harvested energy during first two slots is
where η is the energy conversion efficiency. For the information processing, the received SNR for decoding s i (i = A or B) at the relay is
In the remaining part with (1 − 2β)T , R combines the decoded signals s A and s B with a power allocation ratio θ ∈ (0, 1) as
. Note that the value of θ 2 Although we make the transmission power at each terminal the same, the means of
are different in general. Accordingly, average SNRs of all channels can be different, which makes our analysis still general [33] .
decides how the relay combines the decoded signals, s A and s B .
Then R broadcasts s R to both A and B with the harvested energy E total and the received signal at i (i = A or B) is given by
where
(1−2β)T is the transmit power at R and n Ri = n Ri ∼ CN 0, σ 2 Ri is the AWGN at i. For analytical simplicity, we assume σ
. After using SIC at i (i = A or B), the end-to-end SNR from R to i is given by
III. OUTAGE ANALYSIS FOR DYNAMIC PS SCHEME
In this section, we first propose a dynamic PS scheme to minimize the system outage probability, where the PS ratio for each terminal-relay link is adjusted based on its instantaneous CSI. Specifically, we obtain the optimal PS ratios in closed forms. Then, we derive the analytical expression for the optimal system outage probability with respect to the optimal PS ratios. Further, the corresponding outage capacity can also be obtained.
A. Dynamic PS Scheme
Let P s out be the overall system outage probability. According to [14] , [29] , the system outage probability should jointly consider two E2E outage events and can be defined as the probability that any of the four link data rates is less than the data rate requirement. Thus, for a predefined SNR threshold γ th , P s out is given by
where P s success is the probability that all the four transmissions are successful and P (·) denotes the probability.
It is obvious that P s out is always equal to 1 for the cases with γ AR < γ th or γ BR < γ th since the relay can not decode the received signals successfully in such cases. Thus, in order to achieve the minimum system outage probability, both γ AR ≥ γ th and γ BR ≥ γ th should be satisfied. For the case with γ AR ≥ γ th and γ BR ≥ γ th , the values of γ RA and γ RB decide whether the outage event happens or not for each transmission block, i.e., the lowest system outage probability can be obtained if we optimize ρ A and ρ B to maximize the value of min (γ RA , γ RB ) for each transmission block. Therefore, minimizing the system outage probability is equivalent to maximizing the minimum SNR between γ RA and γ RB as
Based on γ AR ≥ γ th and γ BR ≥ γ th , we have
, where i ∈ {A, B}. Thus, the optimization problem P1 can be further rewritten as
From (5), it is readily seen that γ RA ≥ γ RB holds for the case with
and that γ RA < γ RB is satisfied for the case with
Since both γ RA and γ RB increase with the increase of ρ A and ρ B , the optimal solution to P2 can be obtained when
Thus, the optimal dynamic PS ratio ρ * i , i ∈ {A, B} is given by
where = γ th σ
Λi .
B. System Outage Probability
Substituting the optimal PS ratios in (9) into (6), P s out can be expressed as
Based on the values of Φ 1 and Φ 2 , P s out can be rewritten as
Then, the rest of this section is devoted to deriving P 
1) Derivation of
B Z A and Φ 2 = Z B , the following two equations should be satisfied:
Combining
Since there is no closed-form expression for the integral s2 s1
x )dx with any value of z 1 and z 2 = 0, here we employ Gaussian-Chebyshev quadrature [9] , [34] to achieve an approximation for P
where M is a parameter that determines the tradeoff between complexity and accuracy , ν m = cos
can be calculated as
where 
Clearly, Φ 1 and Φ 2 are highly correlated, which is the main difficulty in deriving P s case4 . Here, we first determine the integral region that determines the probability P s case4 . Then we obtain the value of P s case4 by calculating the integral value over that region.
Let |h A | 2 = x and |h B | 2 = y. From the expression of P s case4 in (17) , the integral region of P For (x 1 , q 1 ), the following two equations should be satisfied:
Substituting x 1 = ∆ A into the first equation of (18), we have
Similarly, for (x ∆ , y 1 ), we have
.
Further, (19) can be rewritten as
Since
Similarly, the intersection points between Line 2 and Line 3 as well as between Line 1 and Line 4 are (x 1 , y ∆ ) and (q 2 , y 1 ) respectively, where
Let (x + , y + ) denote the intersection point between Line 1 and Line 2. Then (x + , y + ) should satisfy
Further, (21) can be transformed as
Since x + > 0, the solution to (22) is given by
. Then the corresponding value of y + is given by
Based on the positions of all the intersections, there can be three scenarios for P s case4 , discussed as follows. Scenario 1: When max (q 2 , x ∆ ) ≥ x 1 or max (q 1 , y ∆ ) ≥ y 1 , the integral of region for P Scenario 2: When max (q 2 , x ∆ ) < x 1 , max (q 1 , y ∆ ) < y 1 , and
For the case with y ∆ ≥ q 1 , the integral of region is bounded by Line 2, Line 3, and Line 4. Then P s case4 is calculated as
where step (b) holds by using Gaussian-Chebyshev quadrature, ϑ i κ
. Likewise, for the case with y ∆ < q 1 , the integral of region is bounded by Line 1, Line 3, and Line 4 and P s case4 is given by
where κ
. Scenario 3: When max (q 2 , x ∆ ) < x 1 , max (q 1 , y ∆ ) < y 1 , and max (q 2 , x ∆ ) < x + < x 1 are satisfied, the integral region is bounded by 4 lines.
For y ∆ ≥ q 1 , the lower bounds with x ∈ [max (q 2 , x ∆ ) , x + ] and x ∈ [x + , x 1 ] are Line 1 and Line 2, respectively, as shown
, Scenario 2 with y ∆ < q 1 ;
in Fig. 2 . In this case, P s case4 can be computed as P
min is given by
is given by
. For y ∆ < q 1 , the lower bounds with x ∈ [max (q 2 , x ∆ ) , x + ] and x ∈ [x + , x 1 ] are Line 2 and Line 1, respectively. In this case, P s case4 is given by P
where ω i max is given by
m is given by
Combining (11) (27) at the top of next page.
Remark: The derived expression for system outage probability in (27) serves the following purposes. First, (27) can characterize the system outage probability of SWIPT enabled three-step two-way DF relay networks for the dynamic PS scheme with a small M and certain accuracy instead of carrying out computer simulations. Second, we can obtain some insightful understandings on selecting proper system parameters based on the curves obtained by (27) . Note that this approach has also adopted in many works, e.g., [11] , [13] , [24] . Third, based on the derived expression in (27) , we can compute the system outage capacity and analyze the diversity gain for our investigated network, as shown in Section III.C and Section III.D.
C. System Outage Capacity
Based on the analytical result of the system outage probability in (27) , we can obtain the system outage capacity for the dynamic PS scheme, denoted by τ DPS . Since both A and B transmit signals at the transmission rate U = log 2 (1 + γ th ), and the effective transmission time is given by the minimum of βT and (1 − 2β)T , the system outage capacity τ DPS is given by
D. Diversity Gain
According to [9] , [15] , the diversity gain of the investigated system under the dynamic PS scheme can be computed as
where ρ 0 = P σ 2 denotes the input SNR. Based on the expression of P 
IV. OUTAGE ANALYSIS FOR IMPROVED DYNAMIC SCHEME In this section, by considering the combining strategy at the relay, we further develop an improved dynamic scheme to improve the system outage performance. For the improved dynamic scheme, we jointly optimize the PS ratios and power allocation ratio θ used for combining the decoded signals at the relay to achieve the minimum system outage probability. In particular, we first find the optimal values for PS ratios and power allocation ratio θ, respectively. On this basis, we derive an analytical expression for the optimal system outage probability and obtain the optimal system outage capacity.
A. Improved Dynamic Scheme
Specifically, the optimization problem to minimize the system outage problem is formulated as
Clearly, for any given θ, the optimal PS ratios is given by ρ * i , i ∈ {A, B} in (9) according to the expressions of γ RA and γ RB .
Substituting the optimal PS ratios into γ RA and γ RB , P3 can be reformulated as
and
A . Similarly, based on the relation of
2 , the optimization problem P4 can be divided into two scenarios: Scenario I:
2 and Scenario II:
In this scenario, P4 can be rewritten as
2 is a monotonic increasing function of θ, the optimal solution to P4a is given by
Scenario II: Similarly, according to
2 , P4 can be given by
decreases with the increasing of θ, the optimal solution is also given by
. In summary, the optimal solutions to P4 are given by
B. System Outage Probability
Substituting ρ * i and θ * into (6), the optimal system outage probability for the improved dynamic scheme is given by . Thus, P ss out can be rewritten as P
where t max = min
. Further, the following Lemma. 1 is provided to derive P ss out in (39). Lemma. 1 The cumulative distribution functions (CDFs) of t 2 and t 3 are given by
where a i = Zi λi and K 1 (·) is the modified Bessel function of the second kind.
Proof: See the Appendix. Let f t2 (t) and f t3 (t) denote the probability density functions (PDF) of F t2 (t) and F t3 (t), respectively, and we have f t2 (t) = ∂Ft 2 (t) ∂t and f t3 (t) = ∂Ft 3 (t)
∂t . Then P ss out can be calculated as
. Using the subsection integral method, P ss out can be further calculated as
By using Gaussian-Chebyshev quadrature, P ss out can be approximated as
C. System Outage Capacity
In this subsection, we achieve the approximation of the system outage capacity for the improved dynamic scheme based on the expression of the system outage probability in (44). Let τ IDS denote the system outage capacity. Then τ
IDS
can be computed as 
D. Diversity Gain
The diversity gain of the investigated system under the improved dynamic scheme can be calculated as
where step (a) follows by the approximation θ → 0,
and ϕ (·) is the psi function [9] .
V. SIMULATIONS
In this section, we validate the outage performance of the proposed schemes and the derived system outage probability via 1 × 10 6 Monte-Carlo simulations. Unless otherwise specified, the simulation parameters are set as follows. We assume that α = 2.7 and β = 1 3 . Suppose that the carrier frequency used is 915 MHz and the reference distance d 0 is 1 m [31] . Then λ can be calculated as 0.33 m. The source terminal antenna gain and the relay antenna gain are set as 8 dBi (https://www.powercastco.com/products/powercastertransmitter/). According to [14] , we assume that d A = 5m, d B = 15m, and P = 30 dBm. We consider noise variance σ 2 = −90 dBm. The transmission rate is assumed as U = 2 bit/s/Hz and γ th = 2 U − 1. The energy conversion efficiency is set to be η = 0.6. Fig. 3 plots the relative approximate error versus parameter M with different settings of U to illustrate the performance of the Gaussian-Chebyshev quadrature approximation approach. Specifically, according to [29] , the relative approximation error can be computed as where the analytical result is achieved by (27) and the simulation result is obtained from Monte-Carlo simulations. As expected, with the increase of M , the relative approximation error approaches zero. For example, when M = 5, the relative approximation error δ is 0.006115, which provides enough accuracy for the system outage probability. Thus, our derived expressions based on the Gaussian-Chebyshev quadrature approximation approach can evaluate the outage performance of the investigated network effectively. Fig. 4 plots the system outage probability under the dynamic PS scheme versus the power allocation ratio θ with U = 1, 2, and 3 bit/s/Hz, respectively. It can be observed that the theoretical results match with Monte Carlo simulation results with M = 10 well, which demonstrates the correctness of our derived system outage probability P s out in (27) . Another observation is that the system outage probability decreases first, reaches the minimum, and then increases. So there exists an optimal θ, which can bring a minimum P s out . It is worth emphasizing that θ = 0.5 assumed in [24] can not yield the minimum P s out , and that the minimum P s out can be achieved by choosing a proper value of θ. Motivated by this, taking the combining strategy of the relay into account, we propose the improved dynamic scheme to reduce the system outage probability further. Fig. 5 plots the system outage probability as a function of the transmit power, where three schemes are employed, namely, the proposed improved dynamic scheme, the proposed dynamic PS scheme, and the existing static equal scheme in [24] . Specifically, for the improved dynamic scheme, the system outage probability is given by (44). For the dynamic PS scheme, the power allocation ratio is set to be 0.3, 0.5, and 0.8, respectively. For the static equal scheme, according to [24] , the power allocation ratio is assumed as 0.5 and ρ A = ρ B is set as 0.3, 0.5, and 0.7, respectively. As shown in Fig. 5 , it can be observed that the system outage probability under the three schemes decreases with the increase of the transmit power and our derived system outage probability under the improved dynamic scheme also perfectly matches the simulation result, which demonstrates the correctness of (44). With the set of θ = 0.5, the dynamic PS scheme enjoys a lower outage probability compared with the static equal scheme in [24] . This is because that the dynamic PS scheme can adjust the PS ratios according to the instantaneous CSI to achieve a lower outage probability. For the dynamic PS scheme with θ = 0.5, we can see that the static equal scheme in [24] may be superior to the dynamic PS scheme in terms of outage performance. For example, the static equal scheme with ρ A = ρ B = 0.7 achieves a lower outage probability than the dynamic PS scheme with θ = 0.3 or 0.8. This demonstrates the importance of choosing a proper power allocation ratio θ. Another observation is that the proposed improved dynamic scheme can achieve the best outage performance among the three schemes. This is due to the fact that the proposed improved dynamic scheme takes the optimal dynamic PS ratios and the optimal combining strategy into account and can utilize the instantaneous CSI more effectively. Furthermore, it can also be seen that the slope of system outage probability with the dynamic PS scheme (or the improved dynamic scheme) increases with the transmit power and approaches one when the transmit power is large enough, which verifies our diversity gain analysis in Section III.D and Section IV.D. Fig. 6 shows the system outage probability for the three schemes versus the A-R link distance d A to depict the effect of the relay location on the system outage probability. The transmission rate U is set as 3 bit/s/Hz. As shown in Fig.  6 , it can be observed that with the increase of d A , the system outage probability increases first, reaches the maximum value and then decreases. This is due to the fact that the total harvested energy is higher when the relay is closer to either of the terminals. This illustrates that the optimal relay location should be close to either of the terminals to achieve a lower system outage probability. Another observation is that with the same set of θ, the dynamic PS scheme is always superior to the existing static equal scheme in [24] and the improved dynamic scheme outperforms the dynamic PS scheme in terms of the outage performance. Fig. 7 plots the system outage capacity under three schemes versus the transmission rate U . Note that, for the improved dynamic scheme, the system outage capacity is given by (45), while for the dynamic PS scheme with θ = 0.3, 0.5 or 0.8, the system outage capacity is calculated by (27) and (28) . It can be seen that with the increase of U , the overall system outage capacity increases first, reaches the peak value and then decreases. The reasons are as follows. With a relatively low transmission rate, the transmission rate U is the dominant factor to the outage capacity. Thus, the outage capacity increases with the increasing of U . With a larger transmission rate, the receivers may fail to correctly decode the amount of data. In this case, the outage probability becomes the dominant factor and the outage capacity decreases with the increasing outage probability. Besides, we can see that a well-designed U can bring a higher outage capacity. Another observation is that the improved dynamic scheme can provide a significant performance gain over the dynamic PS schemes and the static equal PS schemes, while with the same set of θ, the dynamic PS scheme always outperforms the static equal PS scheme. Fig. 8 illustrates the relationship between the system outage capacity and the time allocation ratio β with above three schemes considered. We set P = 20 dBm and U = 5 bit/s/Hz. One observation is that the system outage capacity increases with the increase of β and then decreases. There exists an optimal time allocation ratio β * for each scheme to achieve the maximum system outage capacity and β * ≥ Energy Outage Probability Theory in (27) or (44)
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Results under the consideration of circuit sensitivity Fig. 9 . System outage probability and energy outage probability versus circuit sensitivity P th .
transmission time for the system outage capacity is given by βT and the system outage capacity increases with increase of β due to the fact that a larger β yields larger γ RA and γ RB , leading to a lower outage probability. When β > 1 3 , the effective transmission time is given by (1 − 2β)T . For a larger β, the effective transmission time becomes the dominant factor to the capacity. Thus, the system outage capacity shows a downward trend. On the other hand, we can also see that the improved dynamic scheme can achieve the highest capacity among the three schemes and with the same set of θ, the dynamic PS scheme is superior to the static equal PS scheme. Fig. 9 plots the energy outage probability and the system outage probability versus the circuit sensitivity P th . According to [30] , the range of P th is set to be [−30, −10] dBm. The energy outage probability is defined as the probability that harvested energy at the relay is 0. We use P eo to denote the energy outage probability. Then we have
P th P + . For the system outage probability, two cases are considered: (i) the case with P th = 0, (ii) the case with P th = 0. It can be observed that both P eo and the system outage probability increase with the increase of P th and our derived expressions, (27) and (44), provide lower bounds for the system outage probability in a practical scenario with the circuit sensitivity considered. Specifically, when P th is small, the results obtained by our derived expressions of system outage probability are very close to those obtained by considering P th = 0. Besides, we can also see that considering the circuit sensitivity, with the same set of θ, the dynamic PS scheme is still superior to the existing static equal scheme in [24] and the improved dynamic scheme still outperforms the dynamic PS scheme in terms of the outage performance.
VI. CONCLUSIONS In this paper, we have proposed two schemes: dynamic PS scheme and improved dynamic scheme, to minimize the system outage probability for the SWIPT enabled three-step DF TWRNs. Specifically, for each scheme, we have derived the optimal solutions in closed forms and further derived the analytical expressions for the optimal system outage probability and capacity. Simulation results validate the correctness of our derived outage probabilities and capacities. The impacts of various parameter settings, e.g., the relay location, the time allocation ratio and the transmission rate, on the system outage performance of SWIPT enabled three-step DF TWRNs have been studied. Several insights have been obtained. First, the proposed schemes are superior to the existing static scheme and the improved dynamic scheme enjoys a lower system outage probability than the dynamic PS scheme. Second, a considerable performance gain can be obtained after carefully selecting a proper time allocation ratio and transmission rate.
APPENDIX

A. Derivation of F t2 (t)
According to the definition of F t2 (t), we have F t2 (t) = P(t 2 ≤ t) = P x ≤ t − yZ Thus, F t2 (t) can be rewritten as (38).
B. Derivation of F t3 (t)
Similarly, F t3 (t) is given by
where K 1 (·) is the modified Bessel function of the second kind. The proof is completed. 
